We demonstrate the existence of an empirical linkage between the nominal financial networks and the underlying economic fundamentals across countries. We construct the nominal return correlation networks from daily data to encapsulate sector-level dynamics and figure the relative importance of the sectors in the nominal network through a measure of centrality and clustering algorithms. The eigenvector centrality robustly identifies the backbone of the minimum spanning tree defined on the return networks as well as the primary cluster in the multidimensional scaling map. We show that the sectors that are relatively large in size, defined with the metrics market capitalization, revenue and number of employees, constitute the core of the return networks, whereas the periphery is mostly populated by relatively smaller sectors. Therefore, sectorlevel nominal return dynamics is anchored to the real size effect, which ultimately shapes the optimal portfolios for risk management. Our results are reasonably robust across 27 countries of varying degrees of prosperity and across periods of market turbulence (2008-09) as well as relative calmness .
Introduction
Widespread existence of bubbles in the financial markets and extreme movements of return series indicate that the relationship between the macroeconomic fundamentals and the asset prices is unstable [1] . The 'excess volatility puzzle' in the stock markets refers precisely to this disconnect between the volatility of asset returns and the movements of the underlying fundamentals [2] . Recent research emphasizes the roles played by wrong expectation, bounded rationality, herding behavior, * School of Computational and Integrative Sciences, Jawaharlal Nehru University, New Delhi-110067, India. Email: kiran34 sit@jnu.ac.in † Finance and Accounting area, Indian Institute of Management, Vastrapur, Ahmedabad-380015, India. Email: balagopalg@iima.ac.in ‡ Economics area, Indian Institute of Management, Vastrapur, Ahmedabad-380015, India. Email: anindyac@iima.ac.in.
§ School of Computational and Integrative Sciences, Jawaharlal Nehru University, New Delhi-110067, India. Email: anirban@jnu.ac.in etc. as being important causal factors for the observed disconnect [3] . In this paper, we present an alternate view that the co-movements in financial assets are anchored to the corresponding macroeconomic fundamentals. Thus, nominal returns from individual assets might drift far from what can be predicted using expected cash-flow, while the joint evolution of the co-movement of returns are still related to aggregate size variables like market capitalization, revenue or number of employees.
In the following, we consider the economy to be a multi-layered network [4] defined over nodes at different levels of granularity, each having significantly different properties. At the micro level, firm size distributions show power law decays [5] and bi-exponential growth size distributions [6] . A scaling relationship between size of the firms and the corresponding volatiltity was also proposed [6] .
At the macro level, similar features are seen, for example, as has been proposed by [7] . These suggest that there might be universal features of growth processes of economic entities (see also [8] ). Ref. [7] also argued that the dispersion in relative sizes of firms contribute substantially to the aggregate volatility of an economy, providing a link from the micro level to the macro level. A complementary view has emerged from the network literature that the dynamics at the intermediate sectoral level
could play an important role in shaping the aggregate macro-level dynamics [9] . We focus precisely on the 'mesoscopic' level, which identifies with the production process of the economy while being granular enough to capture the network structure of co-movements in return fluctuations.
There are two modes of connectedness across sectors. At the nominal pricing level, the fluctuations of returns from the sectoral indices show the degree of co-movements across sectors. At the production level, the flow of goods and services across sectors [10] gives rise to dispersion in relative sizes of these sectors. Here, we show that there exists a universal mapping between the inter-sectoral return dynamics and relative sizes of the sectors defined with multiple metrics, thus highlighting an empirical link between financial networks and macroscopic variables in a granular economy. In particular, we show that the sectors with disproportionate shares of the economy, constitute the core of the corresponding return networks. Therefore, at the 'mesoscopic' level, the dispersion in size explains the dispersion in 'centralities' of nominal fluctuations of sectors.
To study the topology of the return network, we construct return correlation matrices from sectoral indices for 27 countries, and apply two commonly used clustering algorithms (minimum spanning tree and multi-dimensional scaling) to group sectors based on their co-movements. The influence of the sectors in the whole network can be found by using the eigenvector centrality, which is able to handle both directed as well as weighted graphs [11] . In this paper, we also propose a methodology to find a binary characterization of the 'core-periphery' structure by using a modification of the eigenvector centrality. Such classification of the sectors according to whether they belong to the core or the periphery, allows one to pin down exactly which sectors are driving the market correlations. We show that these sectors identified as core by the centrality measure, also constitute the backbone of the minimum spanning tree (MST) and cluster very closely in multidimensional scaling (MDS) maps, thereby confirming the robustness of our method of extraction of the core-periphery structure.
To study the connection between the financial network with the underlying production process, we regress the eigenvector centrality measure on sector sizes defined with three different metrics, viz., market capitalization, revenue and employment, all aggregated at the sectoral level. The results across 27 countries clearly indicate that the dispersion in the economic size explains the variation in the dispersion of sectoral centralities in the correlation matrix. This is the primary finding of our paper, as it establishes the the linkage between the economic fundamentals and the fluctuations of the return series. Finally, we study the risk diversification of a portfolio comprising sectoral indices, based on the eigenvector centralities. For the sake of simplicity, we use a rudimentary Markowitz portfolio allocation problem and show that the core sectors, i.e., the ones with sufficiently high centralities, do not usually appear in a minimum variance portfolio. Intuitively, very large sectors contribute significantly to the movement of the return correlations and they constitute the 'market factor' of correlations. Hence, for reduction of the volatility of the portfolio, the weights assigned to such sectors contributing to the aggregate risk, are necessarily minimized.
We perform statistical tests on a comprehensive list of 27 countries that includes developed as well as developing countries across five continents, totaling 72 sectors in the financial economies. 2 Data, Definitions and Methods
Data Description
We have used the sectoral price indices from the Thomson Reuters Eikon database [12] , within the time frames January 2008-December 2009, and October 2014-September 2016. We have analyzed the data for a total of 72 sectors (see table 1), for the following countries: (1) AUS-Australia
(25) THA-Thailand (26) USA-United States of America and (27) ZAF-South Africa, spread across the continents of the Americas, Europe, Africa, Asia and Australia. The time series data on the real variables, such as market capitalization, revenue and the number of employees within each sector, are also available in the same database although at the company level rather than at the sectoral level. Hence, for our purposes of constructing sector-level macro aggregate variables, we collected the companies listed within each sector for one particular country, and then aggregated the relevant company-specific variables across all such companies within the corresponding sector.
We find that the USA economy is a good representative of the empirical results and hence, in the main text, we present the results for the USA economy in details. For the other 26 countries, the detailed results are presented in the Supplementary material. Note that data for Finland (FIN) was not available for the period 2008-09. 
where P i (τ ) is the adjusted closure price of sector i in day τ , then the equal time Pearson correlation coefficients between sectors i and j is defined as
where ... represents the expectation. We use ρ to denote the return correlation matrix.
Following a standard procedure in the literature, we construct the distance metrix from the correlation coefficients using the following transformation,
All elements of the matrix d ij are "ultrametric" [13, 14, 15] ).
Eigenvector centrality
To analyze the influence of a sector in the whole network, the ranking of the sectors is measured by the eigenvector centrality. It is not necessary that a sector with high eigenvector centrality is highly linked but the sector might have few but important links. Given an N × N matrix A, the eigenvector centrality is defined as an N × 1 vector x, which solves
where λ m is the dominant eigenvalue of A.
In general, almost all pair-wise correlations are positive. However, in rare cases (e.g., Gold sector in Canada), certain sectors show mild negative correlations with other sectors. We consider the absolute value of the correlation matrix |ρ| for computing the eigenvector centrality, since according to the Perron-Frobenius theorem, a real square matrix with positive entries has a unique largest real eigenvalue and the corresponding eigenvector has strictly positive components. Finally, we normalize the centrality vector x such that i x i = 1.
We consider a further modification of the centrality measure to identify the core-periphery structure in a binary fashion. Instead of the level values of the correlation coefficients, we consider ρ c , where c is a sufficiently large even number, since this transformation would make the many weak correlations have asymptotically zero weights while maintaining positive signs. We found that c = 2 5 = 32 is the lowest value, which gives reasonably good estimates of the backbone of the minimum spanning tree. Hence, we present results for c = 32 although, in principle, one can use higher values as well. To determine the core sectors of a country, we then construct a threshold value θ e , as a fixed percentage of the coefficient of variation (standard deviation/mean) for the eigenvector centralities. If the sectoral centrality is above the threshold value θ e , then the sector is considered as core, otherwise not.
Multidimensional scaling
To analyze the similarity among different sectors in terms of distances (d ij ), geometrical maps are generated using MDS for each of 27 countries, where each sector corresponds to a set of coordinates in a multi-dimensional space. The concept behind MDS is to represent two similar sectors as two sets of coordinates that are close to each other, and two sectors behaving differently are placed far apart in the space [16] . Given d ij , the aim of MDS is to generate N vectors y 1 , ..., y N ∈ q , such that
where . represents vector norm. To plot the vectors y i in the form of a map, the embedding dimension q is chosen as 2. Generally, MDS can be obtained through an optimization problem, where (y 1 , ..., y N ) is the solution of the problem of minimization of a cost function, such as min
Minimum spanning tree (MST)
MST is a clustering algorithm. By giving distance matrix d ij as input, MSTs are constructed for N sectors for each of the 27 countries, which are connected, undirected graphs such that all the N sectors are connected together with the minimal total weighting for its N − 1 edges, i.e., the total distance is minimum.
Linear regression
For relating the size with the variation of centrality, we employ the standard econometric technique of ordinary least squares. Let us assume that the model to explain x i data-points, for i = 1, . . . , N , is given by the following
where x is the explanatory variable, y is the dependent variable and denotes error terms. The ordinary least squares method minimizes the sum of the squared errors, to estimate the coefficients β. Throughout our regression analyses, we have used scaled variables: [variable-mean(variable)]/ standard deviation(variable). We carried out the estimation exercise using the MATLAB and R software packages.
Results
In this section, we describe the three main results. Firstly, the return correlation network closely mimics the actual production network and so the core-periphery structure of the return correlation network is closely associated with the relative sizes of the sectors. Secondly, based on the findings for two periods of the empirical data (calm and volatile periods), our results are robust and hence universal, with respect to time. Finally, the core sectors which are typically very large in size, drives the market mode of the returns and hence, is riskier than the peripheral sectors as observed in minimum variance portfolio management.
Financial fluctuations and economic fundamentals
Given the return correlation ρ, we computed the modified eigenvector centralities to find the core sectors of the countries, and to visualize the co-movements and clusters of sectors based on return correlations, we applied two clustering algorithms, viz., MDS and MST. Fig table 1 in Sec. 2.1 for names of the sectors). Fig. 1 (Lower Right Inset) shows the MDS. The MST generates a core-periphery structure based on minimizing the distance between correlated sectors, and since it is a hierarchical clustering method, similar sectors can be found close to each other (or in one branch). Similarly, closer the sectors are placed on the MDS map, more correlated (similar) they are; farther they are placed on the map, less correlated they are.
There are two major observations: First, the MST shows that all core sectors form a chain or the "backbone" in the tree (see Fig. 1 (Upper ) ). Similarly, the MDS also reiterates the same information: the core sectors, as identified by the modified eigenvectors centrality, belong to one cluster in the MDS (see More importantly, we show that the core-periphery structure based on the return correlation matrix, ρ, has an intriguing relationship with the relative sizes of the sectors. In order to demonstrate and establish the relationship, we study the variations in the eigenvector centralities of the return correlation matrix, and exploit the variations in three major variables, viz., aggregate market capitalization, aggregate revenue and the aggregate employment. We have described in Sec. 2.1 how we constructed the sector-level data by aggregating the company-level data. In Fig. 1 (Lower ),
we plot the linear regressions of scaled eigenvector centrality with the (scaled) market cap, revenue and employees for the USA. We have performed similar analyses for the other countries, and tabulated the results in the Supplementary material. Detailed analyses and tables suggest that generally, such a mapping exists for almost all countries. There is already an existing finding that centralities in input-output networks are closely related to the relative sizes of the corresponding nodes (see Ref. [9] ). However, here we further show that the centralities based on nominal return fluctuations are related to relative size, i.e., the return network is also very closely related to the underlying size effects. An immediate corollary is that the core sectors of the return correlation network are also economically big, and hence, the market effect of the correlations are driven by the sectors, which have very high market capitalization (or other indicators like revenue and employment).
Robustness: volatile period versus calm period
We studied the dynamics of a total of 72 sectors across 27 countries, covering both developed and developing economies. Using methods of modified eigenvector centrality, MDS and MST, we can find the core-periphery structure of all the economies. Fig. 2 showed the core-periphery structure of all the countries, and indicated that most of the sectors do not change much in the core-periphery structure during the periods of market turbulence, as well as relative calmness. There are of course, some sectors who were core in a volatile period, became the peripheral ones in the calm period, and vice versa. 
Constructing the minimum risk portfolio
In this part, we study how the sectoral centralities influence the aggregate risk of a portfolio. For the purpose of simple exposition, we compute the benchmark model of Markowitz portfolio selection with the sectoral return data. Assuming rational investors with risk-aversion, the investors will minimize w Σw − ΘR w,
with respect to the weight vector w, where Σ is the covariance matrix of the sectoral returns, R is the expected return vector and Θ is a parameter which denotes the risk appetite of the investor.
We set a short-selling constraint (w i ≥ 0) and Θ equals to zero for finding the minimal risk portfolio which will entail a convex combination of sectoral returns (the other extreme would lead to a corner solution).
Our main observation in this part is that the optimal weight vector, w * , is negatively related to the eigenvector centralities, i.e., if a sector is very "central" in the return correlation network ρ, then it is less likely to appear in the optimal portfolio with the minimum risk (and no short selling). We demonstrate this in a naive way: we construct threshold values θ e and θ p , as a fixed percentage (say n% of the coefficient of variation (standard deviation/mean) for both the eigenvector centralities, as well as the minimum risk portfolio weights, respectively. These threshold values θ e and θ p would determine, respectively, whether the sector is central or not (i.e., 0 or 1), or whether the corresponding sector would appear in your optimal portfolio or not (i.e., 0 or 1). So, for the vector of sectors, we would have two strings of 0's or 1's corresponding to the centrality vector (EVC) and the optimal weight vector (PWT), respectively. The Hamming distance D between any two bit-strings of equal length, is the number of positions at which the corresponding bits are different.
So, the Hamming distance between the two strings EVC and PWT would tell how significant the observation is for a particular country; higher the value of D, better the conformity. The sector which is central (i.e., 1) would not appear in your portfolio (i.e., 0), and so for any country the ideal finding would be that D is unity. The choice of the threshold(s), θ e and θ p , equaled by the percentage(s) (n) of the coefficient of variation(s) in the vectors EVC and PWT, would be important for determining the Hamming distance D between the strings for any country (see Fig. 6 (Upper )) for the USA. We can optimize the value of D against the percentage n, for all the countries, as shown in Fig. 6 (Lower ). We found that n = 2, i.e. 2% was an optimal threshold value θ e for most countries, which we then used to distinguish between the core and periphery sectors. Combined with the finding that core sectors in the return correlation network are bigger in size, the above finding implies that peripheral sectors contribute to lower risk of a diversified portfolio.
Summary and conclusion
In this paper, we have analyzed financial and economic data for 27 countries at the sector level.
We show that the variation in the centrality in the return correlation matrix across sectoral indices, can be explained by the size dispersion across the sectors. This finding indicates that financial fluctuations are mapped to the macroeconomic fundamentals. From the perspective of portfolio optimization, we show that the very big sectors that are also highly central in the return network, rarely appear in a risk-minimizing portfolio. Essentially, such sectors constitute the main drivers of the market-wide fluctuations. In summary, our study sheds light on: (a) the mapping between the joint evolution of the financial variables and the underlying macroeconomic fundamentals, and (b) extracting information about the individual influences on aggregate risk from sector-level, disaggregated time-series data.
Methodologically, we provide a way to extract the core-periphery structure of the correlation networks in a binary fashion. As a result, the generic rule of thumb we come up with is that size is an important causal factor even behind financial fluctuations. We attribute significant importance to this finding as it provides a way to exactly pin down the sectors, which are main drivers of financial fluctuations through the size effect. The way return series are constructed, the size differential of the prices across the sectoral indices, should disappear due to the normalization. The fact that the co-movements are still tied to the fundamentals is therefore intriguing. As our results suggest, the finding is considerably robust across countries. An illuminating exception is Greece showing an exact opposite relationship, which has been known to possess weak economic fundamentals along with severe crises in the financial markets in the recent times. In both periods, economically large (either in terms of market capitalization or revenue or employment) sectors in Greece are at the periphery of the return correlation networks, which constitute an inverted relationship between the economy and the financial networks.
We have also shown that the relative importance of the sectors may change significantly over time although some sectors like finance and industry are at the core of a significant fraction of countries. In general, our results indicate that the core may not be very stable. Possible reasons could be sectoral competition in terms of productivity and innovation and the resultant evolution [17] . The emergence of the core-periphery structure changes the complexity of the financial markets and has implications of the pricing of risk in the economy [18] . Our work indicates the potentials of using a binary characterization to reduce the computational burden by introducing proper identification of the country-specific core sectors, as opposed to considering the full network.
To conclude, we note that the recent applications of network theory in the macroeconomics literature has focused mostly on studying the dynamics of real economic quantities [19] , whereas the relevant finance literature has focused on the dynamics of nominal quantities [20] . The present work may provide a linkage between the two. In other words, we make the point that the oft-quoted quips 'too-big-to-fail' and 'too-interconnected-to-fail' may not be as different as is currently thought of [21] . 
Supplementary material
All detailed regression tables are provided below. 
